The role of hydrogen in the growth of Ge on a Si͑001͒-͑2 3 1͒ surface was studied by scanning tunneling microscopy and medium energy ion scattering spectroscopy. The adsorbed hydrogen was found to (i) increase the number of equilibrium adsorption sites, (ii) lift the diffusion anisotropy, and (iii) lower the diffusivity for Ge adatom, as suggested by the recent first principle calculation. With a dynamically supplied atomic hydrogen flux of ϳ2 monolayers͞s, we achieved layer-by-layer growth by preventing growth of the hut cluster beyond the known critical thickness. The 10.0 monolayer Ge layers grown with hydrogen surfactant are strained, while those without it are relaxed. [S0031-9007(98)06222-X]
(Received 27 February 1998) The role of hydrogen in the growth of Ge on a Si͑001͒-͑2 3 1͒ surface was studied by scanning tunneling microscopy and medium energy ion scattering spectroscopy. The adsorbed hydrogen was found to (i) increase the number of equilibrium adsorption sites, (ii) lift the diffusion anisotropy, and (iii) lower the diffusivity for Ge adatom, as suggested by the recent first principle calculation. With a dynamically supplied atomic hydrogen flux of ϳ2 monolayers͞s, we achieved layer-by-layer growth by preventing growth of the hut cluster beyond the known critical thickness. The 10.0 monolayer Ge layers grown with hydrogen surfactant are strained, while those without it are relaxed. The growth of flat and defect-free Ge layers on a Si(001) surface has become an important issue for the improved electronic transport property of Ge-Si superlattice [1] . Because of the 4.2% lattice mismatch between them, this system shows a typical Stranski-Krastanov growth; Ge is grown layer by layer up to the critical thickness, 3 monolayers (ML), followed by three-dimensional (3D) hut cluster islands which lead to mesoscopic islands [2] . It has been widely accepted that surfactants, mostly group V elements (As, Sb, Bi, etc.), make the overlayer to grow layer by layer even beyond the critical thickness [3] [4] [5] [6] [7] [8] . However, those elements can cause detrimental effects to the grown layers like unwanted doping. Hydrogen (H) can saturate dangling bonds of the Si substrate like group V elements and has been used as a carrier gas or a dissociation by-product in chemical vapor deposition (CVD). It was reported that the use of gas phase Germane (or Silane) results in a metastable tetramer structure on a Si͑001͒-͑2 3 1͒ surface [9, 10] and delays the onset of the 3D hut cluster formation [11] . In a transmission electron microscopy study, H was backfilled into a growth chamber to suppress the 3D island formation [12] . H surfactant was suggested in recent theoretical works [13, 14] .
In this Letter, we have studied the role of atomic H for two-dimensional (2D) growth of Ge on a Si(001) surface from the viewpoint of growth mechanism by scanning tunneling microscopy (STM) and of the strain relaxation by medium energy ion scattering spectroscopy (MEIS). We supplied the H surfactant dynamically at the Ge growth temperature of ϳ400 ± C to supplement desorbing H [15] . As expected in the theory, it was found that the number of Ge adsorption sites is increased and that adatom diffusivity is lowered in the presence of H surfactant. Layer-by-layer growth of Ge was achieved with the atomic H flux of ϳ2 ML͞s. From the observed morphology, we suggest the transition mechanism from the 3D hut cluster growth mode to the layer-by-layer growth mode.
STM and MEIS experiments were performed in two separate chambers [16, 17] with base pressures of 1 3 10 210 and 4 3 10 210 Torr, respectively. The growth and characterization were done in situ in each chamber, separately. An As-doped Si wafer (resistivity of ϳ1 V cm) was outgassed and flash-cleaned in the UHV chambers, and a Si͑001͒-͑2 3 1͒ surface was obtained without any trace of impurity. Ge was deposited with a Knudsen cell at a rate of 1 ML͞min. High purity H gas was dosed through a 1 16 in. diameter tube to the Si sample by a precision leak valve. A tungsten filament was mounted less than 3 cm away from the Si substrate and was heated at .1600 ± C to crack H 2 molecules. The H flux was calibrated with the differential pumping rate, the H 2 cracking rate, and the sticking coefficient of H on a Si(001) surface [18] . The flux was cross-checked by counting the number of adsorbed H atoms on the bare Si͑001͒-͑2 3 1͒ surface in STM images. Both STM and MEIS measurements were performed at room temperature. The random direction for ion beam incidence was chosen by rotating 11 ± along the polar angle direction from ͗111͘ incidence [19] . Other experimental details of MEIS can be found elsewhere [20] .
At low coverages, Ge is grown on the Si͑001͒-͑2 3 1͒ surface pseudomorphically; thus growth property is quite similar to that of Si homoepitaxy [21, 22] . Figure 1 (a) shows a typical STM image of 0.2 ML Ge grown on a Si͑001͒-͑2 3 1͒ surface at 210 ± C. At this growth temperature, Ge atoms adsorb and diffuse to dimer sites (D and D 0 in the inset of Fig. 1 ), forming an isolate dimer and dimer rows. When atomic H is exposed at this growth temperature, H adsorbs on top of the dimer atom and makes a monohydride ͑2 3 1͒ phase. If Ge is deposited on the surface, it adsorbs some at dimer sites and more at other adsorption sites. We found that a Ge adatom adsorbs at site A not as a dimer but as a single atom and at some metastable sites on top of the dimer rows as suggested by the recent theoretical predictions [13, 14] . It was confirmed 0031-9007͞98͞80(22)͞4931(4)$15.00VOLUME 80, NUMBER 22 both experimentally (time-of-flight elastic recoil detection) [23] and theoretically [13, 14] that preadsorbed H atoms are easily exchanged with the newly deposited Ge (Si for Si homoepitaxy) atoms since the adsorbed Ge atom is energetically stabilized by forming the three bonds with the substrate and one bond with the floated H. The driving force of this process is a large energy gain obtained by reducing the number of dangling bonds of Ge atoms. From the viewpoint of the site exchange between the surfactant atom and the growing adatom, the growth mechanism of Ge on a Si͑001͒-͑2 3 1͒ surface with atomic H is the same as that with group V elements. In Fig. 1(b) , Ge adatoms appear as isolated single atoms. That can be explained by the fact that a single Ge atom can be a unit of exchange as suggested by a recent model [8] compared to the twodimers model [5, 6] or one-dimer model [7] . As the growth temperature was raised to 400 ± C, the number of Ge atoms adsorbed at dimer sites (D and D 0 ) was increased, while those at other sites (for example A) were decreased. Ge atoms initially adsorbed at the other sites diffuse toward dimer sites to form dimer rows with increasing substrate temperature. Two other striking differences are visible in Figs. 1(a)  and 1(b) . First, the shapes of islands in two figures are quite different. Needlelike Ge islands in Fig. 1(a) are less due to the diffusion anisotropy but more due to the large anisotropy in the sticking probability of a Ge adatom between the end sites and the side sites of the islands [21, 22] . However, in the monohydride surface, the aspect ratio of the islands is almost 1, suggesting the modified sticking probability. By analyzing the widths of the denuded zones of Ge islands on the terraces, we also confirmed that the diffusivity of a Ge adatom along and perpendicular to the substrate dimer rows is quite similar. Second, the number density of islands grown with atomic H was ϳ7 times larger than that without H, as the coverage of deposited Ge kept constant. This is due to the creation of more adsorption sites and lower diffusivity than without H. It was suggested that an H adsorbate acts as an immobile impurity on the surface and lowers the surface diffusivity of a Ge adatom [24] . In recent theoretical results, it was also reported that diffusivity of a Ge adatom is isotropic and lowered on the monohydride Si͑001͒-͑2 3 1͒ surface [13, 14] . It is quite interesting that the adatom diffusivity is enhanced when Al is grown on a monohydride Si͑001͒-͑2 3 1͒ surface [25] .
The usefulness of H-surfactant mediated growth was tested by growing more than the critical thickness with various fluxes of atomic H at 400 ± C. At the sample temperature of 430 ± C, it was estimated that the mean residence times of H atom on the Si and Ge surfaces are 10 3 and 1 s, respectively [26] . A recent temperature programmed desorption experiment of H desorption from a Ge covered Si(001) surface reveals five peaks where two of them are directly assigned to the desorption from the Ge overlayer peaked at ϳ350 ± C [18] . In light of these two results, it is evident that H should be supplied dynamically to be used as a surfactant. When the Si͑001͒-͑2 3 1͒ surface was preexposed at room temperature with atomic H and Ge was grown afterward at an elevated temperature, the growth behavior was found to be quite similar to that without atomic H. In this experiment, the substrate was preexposed to ϳ100 L atomic H and Ge was grown with atomic H at the substrate temperature of 400 ± C. The growth structure without H at this temperature has been well known [2] . At 5.6 ML, hut clusters appear as shown in Fig. 2(a) . They are shaped like a pyramid with four ͕105͖ facets and formed to relieve the elastic strain [27] . Once Ge was deposited with the atomic H flux of ϳ0.2 ML͞s, the number density of hut clusters was decreased as shown in Fig. 2(b) . Some hut clusters were not completely formed, and "negative huts" which were made of four ͕105͖ facets were often found next to the hut clusters as suggested in a recent CVD growth experiment [11] . Incomplete hut clusters and negative huts result from lowered surface diffusivity of Ge, as they were not observed in the Ge overlayer grown without H [2] . When the atomic H flux was increased to ϳ2 ML͞s, the hut cluster formation was suppressed and the layerby-layer growth was achieved as shown in Fig. 2(c) . Unlike the image without H, pinholes were observed on the overlayer. It is conjectured that the pinholes are a new structure to relieve the elastic strain. However, they cannot fully relieve the strain since average distance between neighboring ones is ϳ200 Å. Figure 2(d) shows the morphology of the overlayer grown with even higher H flux of ϳ20 ML͞s. A layer-by-layer growth is obtained again, but the surface becomes rougher than the previous one. With this high atomic H flux, the surface may have a local dihydride phase in which the diffusivity of Ge is much lower than in the monohydride one [13] . After trying various atomic H fluxes, we found that the Ge overlayer of the best quality could be achieved with an atomic H flux of ϳ2 ML͞s.
While STM probes the nanoscopic structure of a grown overlayer, MEIS reveals short range information such as the elastic strain and the registry of the overlayer. Figure 3 shows the scattered ion spectra of Ge overlayers grown on Si͑100͒-͑2 3 1͒ along a random incidence. The peak at 95.5 keV is the scattered ion yield from surface Ge, and the plateau below 92.8 keV is from the Si substrate. The broad enhancement around 92.0 keV is caused by the focusing effect whose details will be published elsewhere [28] . One can notice a big difference between the spectra FIG. 3. Energy spectra of scattered ion yield for Ge grown on a Si(001) surface (a) without and (b) with atomic hydrogen. Growth parameters for (b) are the same as Fig. 2(c) .
of the overlayers grown with and without H. In the case of growth without H, the Ge peak remains narrow and the background becomes higher at .3 ML resulting from the growth of the 3D hut cluster island. For growth with H, the Ge peak becomes wider and wider at .3 ML, suggesting a layer-by-layer growth. The same trends were observed up to 10.0 ML. It is possible to conjecture that H etch away the overlayer. In our growing condition, the etching rate was found to be less than 0.05 ML͞min ( In order to examine the strain distribution, we analyzed the blocking dips at various energies at the Ge coverage of 10.0 ML. The blocking dips below 92.8 keV show the strain distributions of the Si substrate below the interface while those above 92.8 keV show that in the Ge overlayer. The inset of Fig. 4 shows only two typical blocking dips. Their good x min (minimum yield) and shapes imply good crystallinity. The angular shift of the Ge blocking dip from the Si one is plotted as a function of the depth for a 10.0 ML Ge overlayer in Fig. 4 . For the overlayer grown without H, angular shift of blocking dip was not observed near the interface, suggesting fully relaxed 3D islands with the bulklike lattice structure were grown. Some shifts near the surface of Ge overlayer can be explained with strained wetting layers in the Stranski-Krastanov growth mode. For FIG. 4 . The angular shift of the Ge blocking dip from the Si one as a function of the depth for a 10.0 ML Ge overlayer grown on a Si(001) surface with and without atomic hydrogen. The inset shows two typical blocking dips for bulk Si and Ge layers grown with atomic hydrogen. the overlayer grown with H, the blocking dip for Ge is shifted by ϳ0.7 ± , nearly constant from the interface to the top of the Ge overlayer. If the Ge overlayer is fully strained, the shift of the blocking dip should be 2 ± due to the tetragonal distortion. There are two possible scenarios to explain the difference. First, the overlayer is under low strain due to the alloy formation of Ge and Si. The intermixing was proposed in recent studies [19, 29] . In this case, the ϳ0.7 ± shift can be caused by a lattice mismatch of 1.4%, suggesting the alloy layer of Si 0.7 Ge 0.3 . In our channeling spectra (not shown here), the amount of Si on the first layer of epitaxial film at the coverage .3 ML is never more than 10 at. %. Moreover, random spectra of Fig. 3(b) cannot be explained with alloying of Si and Ge with the Si composition larger than 25 at. %. Second, the Ge overlayer is partially pseudomorphic. The strain can be locally relieved by the formation of dislocations at the interface. It is possible to estimate the amount of relaxation by the dislocations. In this case, about 60% of strain should be relieved by this type of local defect. The hut clusters cannot be counted for the relaxation since it relieves only ϳ20% of total elastic strain according to the x-ray diffraction measurement [27] and multibeam optical deflection technique [30] .
In conclusion, isolated Ge atoms are adsorbed at other than dimer sites on the monohydride Si͑001͒-͑2 3 1͒ surface with isotropic and lowered diffusivity, showing good agreement with the recent theoretical prediction. By controlling the atomic H flux, it was possible to change the growth mode from hut cluster formation to layer-bylayer growth mode beyond the critical thickness. The flat overlayer of 10.0 ML Ge grown atomic H surfactant is partially strained with strain relieving local defects. The Ge layers grown with the atomic H surfactant seem to be as good as those grown with Germane in CVD, suggesting that the role of H in CVD is similar to that of H surfactant.
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